The mechanisms by which the left ventricular wall escapes anoxia during the systolic phase of low blood perfusion are investigated, especially the role of myoglobin (Mb), which can (i) store oxygen and (ii) facilitate intracellular oxygen transport. The quantitative role of these two Mb functions is studied in the maximally working human heart.
Introduction
Heart and skeletal muscle myoglobin (Mb) can serve as an oxygen store during times of restricted blood perfusion or apnoea phases. It can also enhance intracellular oxygen transport and, therefore, increase tissue oxygen conductance by loading oxygen at the capillary and diffusing to the mitochondria where it releases the oxygen, a mechanism called facilitated oxygen diffusion. It is still a matter of discussion as to what extent these functions contribute to the oxygen supply of red muscle tissues. 1 -6 Studies with Mb knockout mice proved that Mb is not essential for living. Nevertheless, compensatory adaptations of oxygen supply mechanisms have been demonstrated in their hearts, indicating that Mb does play a certain role during development 7 and in later life. 8 Numerous experimental attempts have been made to quantify this role, but they exhibit various limitations. Reagents blocking oxygen binding to Mb inhibit both storage function and facilitated diffusion and thus do not allow a quantitative distinction to be made between the two. More importantly, many blocking reagents are toxic to metabolism, causing defects in energy supply to tissue. 2 Cryospectrophotometric measurements of intracellular Mb oxygen saturation (Mb-SO 2 ) gradients turned out to be unreliable because the spatial resolution of the experimental setup had been greatly overestimated. 9 Measurements of tissue Mb-SO 2 by nuclear magnetic resonance (NMR) techniques have the disadvantage that they cannot measure local values but average over large tissue volumes, from which no reliable oxygen partial pressures (PO 2 s) can be calculated because of the non-linear shape of the Mb-oxygen binding curve. 2 Experiments with isolated muscle cells, surrounded by a given medium PO 2 , 10 are not representative for cells in a blood-perfused tissue because the formers' diffusion distances are smaller. Experimental setups using blood-free perfusates 5 clearly demonstrate a role of Mb but omit the important function of capillary haemoglobin as an oxygen store during restricted perfusion and-as all of the above experimental approaches-cannot distinguish between transport and storage function of Mb. An alternative approach to evaluate the role of tissue Mb is the use of model calculations. Based on experimentally obtained morphological, metabolic, and biochemical data, we have previously applied the Krogh cylinder model to skeletal and heart muscle tissue. 2 The
Krogh cylinder is a simple model of O 2 supply to the tissue originally introduced by August Krogh, 11 which considers the tissue to be composed of cylinders, with each cylinder being supplied with O 2 from a capillary running along its centre. A crucial parameter in these calculations is the intracellular diffusion coefficient of Mb (D Mb ), which in earlier studies we have determined by using three different experimental approaches and with all of them found it to be approximately 2 Â 10 27 cm 2 /s in heart and skeletal muscle at 378C. 12 -15 Previous model studies of continuously perfused skeletal muscle led to the conclusion that the role of Mb-facilitated oxygen diffusion is minor, even at maximal oxygen consumption, V O 2 , of the tissue. 2, 12 Only at the periphery of the venous end of the Krogh cylinder, an appreciable oxygen desaturation of Mb is seen, while in the bulk of the cylinder there is no significant radial Mb-SO 2 gradient and thus no significant facilitated oxygen diffusion occurs. Deviant from the model assumptions used in these previous studies, coronary perfusion is subject to marked fluctuation. In the left ventricle myocardial blood flow, Q, is drastically reduced during systolic contraction, and especially in the subendocardial region, Q falls to very low values or even zero because blood vessels are occluded by the intraventricular systolic pressure. 16 Therefore, in this study we investigate how long the amount of oxygen stored in the muscle tissue at the end of diastolic perfusion can prevent the occurrence of anoxic tissue regions during the following systolic cessation of Q. Because this will be most critical at very high myocardial V O 2 , we use model parameters representing maximal cardiac work. A probably unique advantage of this model is that the role of oxygen storage and of Mb-facilitated oxygen diffusion can be quantified separately. In addition, we can estimate how large the changes of other tissue parameters like capillary density (CD), haematocrit (hct), or Q must be to compensate the lack of Mb-facilitated O 2 diffusion and/or Mb-O 2 storage. The necessary changes of these parameters can then be compared with those reported for Mb knockout mice. The study sheds light on the mechanisms that serve the left ventricular wall to survive the systolic interval without anoxia.
Methods
For maximally working human heart muscle, we calculated the local distribution of Mb-SO 2, PO 2 , as well as the fractional contribution of Mb-facilitated oxygen diffusion to total oxygen diffusion (fO 2fac ).
We used the modified Krogh cylinder model developed by Groebe 17 that consists of three concentric cylinders-the inner one representing the interior of the capillary, the middle one extending from the surface of the red blood cell to the sarcolemma (the 'carrier-free' space), and the outer one representing the Mb-containing muscle tissue. Only radial oxygen diffusion is considered. The model takes into account a discrete distribution of red cells within the central capillary. 24, 25 ). V O 2 of human left ventricle at rest 26 amounts to 85 -120 mL/min/kg.
This value can increase approximately five-to six-fold during exercise, as can be estimated from the increase of the heart rate-blood pressure product (RPP). For our calculation, therefore, a value of 600 mL/min/kg was chosen for the maximally working left ventricle. The myocardial Q was allowed to be adjusted to the value required to fulfil the criterion that the amount of oxygen stored in the tissue at the end of the diastole is sufficient to last for 150 ms of systolic interruption of blood flow (time to beginning of anoxia, t a ), such that no anoxic region occurs in the Krogh cylinder at any time. The time 150 ms is equivalent to the duration of a systole in a human heart beating at 200 beats/min, assuming a relation of diastole to systole of 1:1. 27 It turned out that under this premise the appropriate value for the tissue mass-specific diastolic blood flow (Q) amounts to 4400-4700 mL/min/kg. This is a very reasonable physiological range for maximally perfused human heart muscle: in humans mean resting myocardial Q 28,29 amounts to 800 -1000 mL/min/kg, leading to 4000-5000 mL/min/kg under a five-fold increase during maximal work. 30 We conclude that heavily working human heart muscle is well represented by our model with regard to all relevant functional parameters.
Results

Spatial distribution of PO 2 , Mb-SO 2 , and contribution of facilitated diffusion
For the condition of continuous diastolic perfusion during maximal work, we calculate an end-capillary PO 2 of 16.9 mmHg, a mean tissue PO 2 of 24.5 mmHg, and a mean Mb-SO 2 of 85% ( Table 1) . As depicted in Figure 1A , in a large part of the volume of the Krogh cylinder Mb is almost completely saturated with oxygen because the PO 2 by far exceeds the P50 Mb of 2.8 mmHg. Only at the venous end of the cylinder a marked drop is seen, and only here appreciable Mb-O 2 gradients occur that lead to Mb-facilitated oxygen diffusion. The latter's mean contribution to total oxygen transport in the cylinder amounts to only 1.3%, but even at the venous end, where the capillary PO 2 has dropped to 16.9 mmHg, this contribution does not exceed 5.1%. Interruption of Q in the left ventricle wall during systole leads to a continuous decrease of PO 2 in the whole cylinder. As chosen in this model, it takes 150 ms, the duration of the systole, before the PO reaches 0 at the outer surface of the venous end of the cylinder. The end-capillary PO 2 prevailing at the end of systole is calculated in such a way that a PO 2 of 0 mmHg at the periphery of the venous end of the cylinder is reached at the moment when 150 ms have elapsed.
As shown in Table 2 and illustrated in Figure 1B , even at the end of the systolic interruption of blood flow, the mean Mb-SO 2 of the muscle tissue still amounts to 77.5%, the mean PO 2 to 15.7 mmHg. Under these conditions, the mean overall contribution of Mb-facilitated O 2 diffusion amounts to 3.5%. At the venous end, the capillary PO 2 has dropped to 10.5 mmHg, and here the facilitated O 2 diffusion reaches a maximal contribution at the outer circumference of the cylinder of 26.3% of total O 2 diffusion. Table 2 shows that preventing Mb diffusion by setting D Mb ¼ 0 reduces the time t a to the beginning of anoxia at the periphery of the venous end of the cylinder by 22 ms to 128 ms (diastolic Q unchanged). This reflects the contribution of Mb-facilitated O 2 diffusion. In this case, a larger PO 2 drop across R C is required because by the loss of facilitated diffusion, oxygen conductance of the cylinder is decreased. The calculated end-capillary PO 2 at the beginning of anoxia then amounts to 11.7 mmHg and the mean cylinder SO 2 is slightly increased to a value of 78.7%.
Removing Mb from the tissue by setting C Mb ¼ 0 further reduces t a by another 12 ms to 116 ms. This decrease in t a is because of the loss of the Mb oxygen store. End-capillary PO 2 and mean muscle PO 2 are not affected by this step because tissue O 2 conductance is identical whether Mb is immobile or whether it is completely absent.
We conclude that, in the absence of Mb-facilitated O 2 diffusion but in the presence of the Mb oxygen store, part of the heart muscle tissue will become anoxic during 15% of the systole. Removing in addition the Mb oxygen store reduces t a by a further 8% and then during 23% of the systole part of the tissue becomes anoxic. Intracapillary haemoglobin contributes significantly more, namely approximately 55%, and the dissolved O 2 of the entire tissue including blood contributes the remainder 22%.
Effect of reduced capillary volume during systole
It has been reported that during systole not only is Q greatly reduced, but in addition the volume of the capillary bed of the ventricular wall may be reduced by approximately 40% because of the elevated intramyocardial pressure. 31 This implies that the important O 2 reservoir associated with intracapillary red cells may be smaller than that assumed in our standard model calculation as described in Table 2 and the uppermost part of Table 3 . We have simulated this by using a normal hct of 45% for modelling the diastolic phase, but reducing the hct to 27% during the systolic phase. The result is given in the second section of Table 3 , which shows that, in order to maintain t a at 150 ms, Q must rise by 10% from 4400 to 4860 mL/min/kg, a number still in the range of expected Q values (see Methods). The effects of eliminating first Mb diffusion and then Mb concentration are roughly equivalent to what we obtain for standard conditions (first section of Table 3 ), although the overall contribution of haemoglobin to t a decreases moderately from 55% to 50%. The relative contributions of Mb-O 2 diffusion and of Mb storage to t a are about 1:1, while being approximately 2:1 in the standard condition.
Effect of higher sarcoplasmic Mb concentration
In the third section of 
Studies of compensatory mechanisms
Here we study how anoxic intervals during systole can be avoided by compensatory changes of morphological and functional parameters. Results refer to the beginning of anoxia at the end of the systolic time interval indicated in the last column.
Significance of myoglobin in the beating heart oxygen storage capacity within the capillaries, and an increase in diastolic Q leads to an increased diastolic end-capillary PO 2 . Table 3 (uppermost part) shows that relatively slight changes of these parameters are sufficient to avoid systolic anoxia. With C Mb ¼ 190 mM, after the elimination of facilitated diffusion, t a is restored to 150 ms by a reduction of R C from 10 to 9.6 mm, equivalent to an 8.6% increase in CD. In the absence of both facilitated O 2 diffusion and Mb oxygen storage, reduction of R C to 9.3 mm or a 15.7% increase of CD is necessary for compensation. The same effects are achieved by increasing the hct by 2.4 and 4.2%, respectively, or the diastolic Q by 3 and 5.2%, respectively. When a reduced systolic haemoglobin content of the capillary bed is considered (second section of Table 3 ), the necessary compensations for the complete absence of Mb are considerably greater, 9.1% in Q, or 6.7% in hct, or 19% in CD. It is noteworthy that the absolute Q value in this case, 5300 mL/min/kg, represents the highest one in Table 3 . In view of the fact that Q exhibits a large spatial heterogeneity with a coefficient of variation of SD/Q of 0.3, 34 this is still well in the range of values expected from experiment, when we accept 4400 mL/min/kg as an average value and 5300 mL/min/kg is restricted to regions of the heart such as the subendocardial zone that are most exposed to the elevated systolic pressure. The compensations in Q and hct seen when [Mb] ¼ 300 mM is reduced to 0 (section 3 of Table 3 ) are in the range of the other cases, with the exception of CD, which must increase by as much as 34% when Mb is eliminated. When, under systolic reduction of hct, [Mb] is set to 0 from a starting value of 300 mM (lowermost section of Table 3 ), we find the greatest relative compensatory changes in all the three parameters: Q (þ13%), hct (þ10%), and CD (þ40%) among those seen in Table 3 .
It should be noted that this latter condition is well in the range of realistically possible physiological situations.
Discussion
Reliability of the Krogh model and physiological significance of myoglobin
The Krogh cylinder model leads to results that are in good agreement with data measured in a heavily working myocardium. The endcapillary blood PO 2 s (11-17 mmHg) as well as the arterio-venous differences of blood oxygen content (74 -76% of blood oxygen capacity) are in agreement with literature data on maximally working heart muscle. 35 present results for the diastolic phase of coronary perfusion. On an average, only 1.3% of total oxygen transport within heart muscle tissue is caused by diffusion of Mb. A negligible role of Mb for oxygen transport has also been suggested by Lin et al., 3 who even with a three-to four-fold higher D Mb (calculated by them from NMR measurements) than measured by us, 12 -15 estimated no significant contribution of Mb-facilitated oxygen diffusion in rat heart muscle. The picture drastically changes when systolic interruption of blood flow is considered. Despite a low Mb diffusivity, the Mb of human heart ventricle has a significant effect on O 2 supply of the muscle tissue during systolic cessation of blood flow in the left coronary artery. During approximately 10-20% of the systole (Table 3) , anoxic regions will develop if the oxygen conductance is reduced by immobilization of Mb. In addition, the storage function of Mb contributes significantly to avoid anoxia. The release of oxygen from immobile Mb ensures an oxygen supply sufficient for another 8-17% of the systole (Table 3) . Thus, the presence of Mb in heart muscle tissue renders possible a 21-34% longer period of systolic cessation of blood flow and, therefore, prevents a substantial loss of mechanical tension in the contracting myocardium. Most of the residual time of the 150 ms systolic interval remains free of anoxia because of the presence of oxyhaemoglobin in the capillaries. Table 3 shows that, independently of the details of the model parameters, Mb is responsible for O 2 supply of not more than 50 ms of the 150 ms systolic period.
It has been shown 39 that the subendocardial Mb concentration in the human heart is 10% higher than in the subepicardial muscle tissue, i.e. it is higher in that tissue layer in which reduction of Q and reduction of intracapillary red cell content presumably are most pronounced. As illustrated in the third section of Table 3 , this should help avoiding anoxia in this critical zone. Inversely, as illustrated here by the calculations with C Mb ¼ 0, the beneficial effect of Mb on O 2 supply will be lost, when dramatic losses of Mb from the myocardium occur as observed in various conditions of heart failure, 40 an event expected to further impair the condition of these hearts.
Role of the intracellular myoglobin diffusion coefficient
In a sensitivity analysis for the model parameters given in Supplementary material online, transport in heart tissue has to overcome a diffusion distance of Significance of myoglobin in the beating heart about 10 mm in the optimal situation in which all capillaries are perfused. If indeed there is a significant increase in D Mb upon reducing the observed diffusion distance from 10 mm to approximately 3 mm, this has interesting implications for the nature of the main diffusion obstacles for Mb within the muscle cell. It indicates that the decisive obstacles occur at distances of between 3 and 10mm, which would eliminate the myofilaments. Z disks and M lines are also unlikely, because Mb diffusion is equally reduced in radial and longitudinal direction. 4, 15 This leads to the conclusion that sarcoplasmic reticulum, t-tubules, and mitochondria represent the major obstacles for Mb diffusion in muscle cells, because their spacing is in that order of magnitude. Such an interpretation agrees with a recent theoretical study by Novak et al., 50 in which diffusion of macromolecules in a simulated intracellular space is studied and intracellular membranes are found to be more important diffusion obstacles than cytoskeletal filaments.
Comparison with Mb knockout animals
Much more than by properties of Mb, the time to beginning of anoxia is influenced by the properties of haemoglobin (mainly its concentration, additionally the position of the blood oxygen-binding curve), Q, oxygen diffusion distance, and V O 2 ( Tables 2 and 3 ; Supplementary material online, Table S4 ). These parameters largely determine oxygen supply and, therefore, the PO 2 gradient between capillary and tissue. Haemoglobin offers a greater advantage for O 2 supply under ischaemia than Mb owing to two features: its monomeric amount per Krogh cylinder or unit volume of tissue is approximately twice as large as the amount of Mb (at least during diastole) and, secondly, its lower oxygen affinity improves the availability of oxygen far more than Mb does. Minor adaptations in the variables hct (þ4.2 to þ10%) or Q (þ5.2 to þ13%) can completely compensate for the absence of Mb. The same can also be achieved by a slight structural change in the tissue, an increase of the CD by 16-40%, causing a reduction in O 2 diffusion distance by 7-16%. Relatively small adaptations of these three parameters are indeed seen in Mb knockout mice. Mice exhibit an approximately 10-fold higher mass-specific V O2 than humans and knockout of Mb does not cause significant changes in behaviour or performance. However, Mb knockout mice compared with wild-type mice 8 exhibit increases in CD by 30%, hct by 7%, and Q (of artificially paced hearts perfused with blood-free Ringer solution) by 30%. All these compensations occur at the disadvantage of an increased energy expenditure because a higher hct with its associated higher blood viscosity as well as an increased number of perfused capillaries or an increased Q, all require a greater effort of the heart. Although its effect is relatively small, intracellular Mb must be regarded as a contribution to optimization of the economy of the circulatory system. It becomes significant during systolic reduction of coronary blood flow rather than during diastole.
